Introduction
[2] Whether strain storage and release rates are constant or nonuniform over geologic time is a fundamental, unresolved issue in modern geodynamics. Comparisons of shortterm (decadal) geodetic data with long-term (thousand to million year) geologic data indicate that strain storage and release rates are comparable along most plate boundaries [Sella et al., 2002] . Along the Pacific -North American plate boundary, where plate motion is partitioned between the San Andreas fault and relatively low strain rate, intraplate faults of the eastern California shear zone (ECSZ) and Basin and Range [e.g., Bennett et al., 2003] , recent comparisons of geodetic and geologic strain rates reveal significant discrepancies. The Mojave section of the ECSZ south of the Garlock fault exhibits a pronounced strain transient [Peltzer et al., 2001; Oskin and Iriondo, 2004] wherein the geodetic rates appear to be as much as twice the longer-term geologic rates [Dixon et al., 2000; McClusky et al., 2001; Peltzer et al., 2001; Oskin and Iriondo, 2004; Oskin et al., 2006 Oskin et al., , 2007 . Similarly, along the eastern margin of the ECSZ north of the Garlock fault, geodetic right-lateral shear of $1.2 mm yr À1 across the Yucca Mountain area is not accommodated by any comparable Quaternary structure Friedrich et al., 2004] .
[3] These observations raise several fundamentally important questions about how strain accumulates and is released along major plate boundary fault systems. Most basically, how temporally constant are strain accumulation and release? Are geologic slip rates averaged over thousands to millions of years compatible with short-term geodetic rates, or do strain transients commonly occur? If transients do occur, over what timescales do they operate? Are strain transients localized features tied to regions of structural complexity or are they more fundamental features of plate boundary motion [e.g., Dixon et al., 2003; Friedrich et al., 2003; Bennett et al., 2004; Wernicke et al., 2005; ? [4] In this paper, we address these questions as they pertain to the Pacific -North America plate boundary by determining a long-term geologic slip rate on the northern Death Valley fault zone (NDVFZ; Figure 1 ). Acquisition of high-resolution airborne laser swath mapping (ALSM; also known as lidar) digital topographic data allows us to restore deformed alluvial landforms in unprecedented detail along the trace of the fault. In the past it was difficult to quantitatively determine the precise age of Pleistocene deposits in arid environments due to the lack of datable materials. Over the past two decades, however, the advent of terrestrial cosmogenic nuclide geochronology has allowed researchers to resolve numerical ages for a variety of depositional landforms [Phillips et al., 1986; Lal, 1987; Elmore and Phillips, 1987; Finkel and Suter, 1993; Bierman et al., 1995; Anderson et al., 1996; Hancock et al., 1999; Gosse and Phillips, 2001; van der Woerd et al., 2002; Matmon et al., 2005 Matmon et al., , 2006 van der Woerd et al., 2006] . Dating offset landforms along the NDVFZ by in situ terrestrial cosmogenic 10 Be and 36 Cl, two independent, yet complementary techniques, yields a more precise geologic slip rate on the NDVFZ and provides the first direct comparison between the two geochronometers from the same deposit. The slip rates presented here fill in a major missing piece of the strain ''puzzle'' in the ECSZ.
Active Tectonics of the Eastern California Shear Zone

Eastern California Shear Zone
[5] The ECSZ and its northern equivalent, the Walker Lane belt of western Nevada, extend more than 800 km north from the eastern Transverse Ranges in southern California, through the Mojave Desert and along the westernmost portion of the Basin and Range province (Figure 1 ). The ECSZ is characterized by a system of predominantly right-lateral, strike-slip faults and normal faults that accommodate $20-25% of the total relative motion between the Pacific and North America plates [Dokka and Travis, 1990; Humphreys and Weldon, 1994; Bennett et al., 1997; Reheis and Sawyer, 1997; McClusky et al., 2001; Bennett et al., 2003; Dixon et al., 2003 ].
[6] In the Mojave Desert, south of the left-lateral Garlock fault, the southern ECSZ comprises a $100-km-wide network of north-northwest trending right-lateral faults. Geodetic data indicate that elastic strain is accumulating across this zone at 12 ± 2 mm yr À1 Bennett et al., 1997; Gan et al., 2000; McClusky et al., 2001; Miller et al., 2001; Peltzer et al., 2001] . Both seismological and paleoseismological data indicate that the southern ECSZ is releasing strain at a relatively rapid rate. Specifically, portions of several of the faults in this region ruptured during the 1992 M w 7.3 Landers and 1999 M w 7.1 Hector Mine earthquakes (Figure 1 ). Furthermore, paleoseismologic data indicate that these two earthquakes are part of an ongoing, !1000-year-long seismic cluster [Rockwell et al., 2000] . However, such evidence for rapid strain accumulation and release during the recent past is at odds with geologic slip rate data. The long-term, cumulative slip rate across the Mojave segment of the ECSZ is much slower (by about half) than the current rate of strain accumulation [Oskin et al., 2006 [Oskin et al., , 2007 . These observations suggest the occurrence of a pronounced strain transient across the southern ECSZ.
[7] Displacement from the southern ECSZ continues north across the Garlock fault into the northern ECSZ, which consists of four major fault systems: the Owens Valley (OVFZ), Panamint Valley -Saline Valley -Hunter Mountain (HMFZ), northern Death Valley, and Stateline (SLFZ) fault zones (Figures 1 and 2 ). Farther north, most of the dextral motion between the Sierra Nevada block and North America is focused on the White Mountains and Fish Lake Valley fault zones bounding the east and west sides of the White Mountains, respectively (Figure 2 ) [Dixon et al., 2000] . In addition to the major north trending dextral faults, a number of northeast trending faults transfer slip between faults of the Owens and Panamint Valley fault systems and the Death Valley fault system (Figure 2 ) Reheis and Dixon, 1996] . These predominantly down-tothe-northwest extensional faults include the Deep Springs, Towne Pass, and Tin Mountain faults Lee et al., 2001a; Klinger, 2001] . For detailed descriptions of individual faults in the northern ECSZ, please see the auxiliary materials 1 .
Death Valley Fault System
[8] The $310-km-long Death Valley fault system, which includes the Fish Lake Valley fault zone [Reheis and Sawyer, 1997; Machette et al., 2001] , is the largest and most continuous fault system in the ECSZ (Figure 1 ). The NDVFZ transitions into the Fish Lake Valley fault zone to the north (Figure 2 ) [Machette et al., 2001] . Both of these faults offset Quaternary deposits. In contrast, the southeastern extent of the NDVFZ, the Furnace Creek fault zone, does not offset Quaternary deposits in southernmost Amargosa Valley [Machette et al., 2001] . Net offset of pre-11.6 ± 0.3 Ma [Niemi et al., 2001 ] markers found in both the Cottonwood and Funeral Mountains is 68 ± 4 km [Snow and Wernicke, 1989] . This yields an average post-mid-Miocene slip rate of 5.9 ± 0.4 mm yr À1 for the combined traces of the northern Death Valley and Furnace Creek fault zones.
[9] Both geologic and geodetic observations suggest that the northern Death Valley and Fish Lake Valley fault zones accommodate the majority of slip in the ECSZ north of the Garlock fault. Estimates of the slip rate for the NDVFZ based on geodetic data range from $3 to 8 mm yr À1 Humphreys and Weldon, 1994 Savage et al. [1990] , Dixon et al. [1995] , Gan et al. [2000] , and Bennett et al. [2003] . motion may be attributable to the Panamint Valley fault system as well as the SLFZ, this rate should be considered a firm upper bound on the contemporary geodetic displacement along the NDVFZ. The best estimate of total motion across the ECSZ/Walker Lane belt, including continuous GPS data, is 9.3 ± 0.2 mm yr À1 ]. This estimate is relatively low compared with previous, less robust estimates, but closer to a sum of estimated geologic slip rates on faults in the region.
[10] Studies estimating the 1000 year to 1,000,000 year geologic slip rates on the NDVFZ are sparse [Brogan et al., 1991; Reheis and Sawyer, 1997; Klinger, 2001] . Klinger [2001] used tephrochronology and soil development to estimate Holocene to Pleistocene slip rates of 3 to 9 mm yr À1 on the NDVFZ. The broad range of slip rates highlights the difficulties associated with obtaining age control. Soil geomorphic ages are semiquantitative and provide a reasonable correlative age, but they are not equivalent to geochronology. Tephrochronology is generally accurate and precise, but in Death Valley, the large number of nearby Long Valley caldera eruptions often makes correlations tentative [Klinger, 2001] . Although previous studies suggest slip rates that are broadly in agreement with geodetic estimates, improving upon them through direct dating of offset geomorphic features allows for a more robust comparison between geodetic and geologic rates. This study further refines the slip rate on this important fault by dating and restoring the dextral offset on the Red Wall Canyon alluvial fan in northern Death Valley.
Study Area
[11] The alluvial fans at the mouth of Red Wall and Big Dip Canyons, which drain the western flank of the Grapevine Mountains are offset by the NDVFZ (Figures 1 and 2) . Reynolds [1969] estimated the offset of Red Wall Canyon stream channels at 46 m. Klinger [2001] mapped six alluvial units ranging in age from late Pleistocene to the active channels, and documented 250 to 330 m of dextral offset. At Big Dip Canyon, Brogan et al. [1991] mapped a shutter ridge along the west side of the NDVFZ that effectively isolates older alluvial fan deposits to the west.
[12] Alluvial fan deposits in Death Valley are consistent with the ubiquitous desert piedmont deposits (Q1, Q2, Q3, and Q4) that can be correlated throughout southwestern North America by geomorphic expression and soil development [Bull, 1991] . Regionally, the Q2 surface is generally considered late Pleistocene in age and was deposited in a semiarid environment during a slight warming in otherwise average glacial conditions during oxygen isotope stage four [Bull, 1991; M. N. Machette et al., Terrestrial cosmogenicnuclide (TCN) ages for alluvial fans in Death Valley National Park, California, submitted to Geological Society of America Bulletin, 2007, hereinafter referred to as Machette et al., submitted manuscript, 2007] . Knott et al. [2002] showed that alluvial fan deposits in southern Death Valley with the characteristic Q2 morphology are younger than the late Pleistocene Lake Manly deposits dated at 180 to 120 ka by Ku et al. [1998] . In northern Death Valley, Klinger [2002] mapped deposits with the characteristic Q2 morphology that he subdivided into three units (Q2a, Q2b and Q2c) based on height above the active channel. At Red Wall and Big Dip Canyons, the Q2c unit is the only Q2 deposit preserved, and therefore our study is focused on the Q2c surface.
[13] Clasts on the Q2c fan surface range in size from cobble to small boulder and consist predominantly of carbonates and quartzites surrounded by tightly packed pebbles and small cobbles forming a mature desert pavement. The Q2c morphology is characterized by subdued to nonexistent bar and swale topography and a well-developed Figure 5 . White triangle shows the location of GPS site ROGE. Numbers in parentheses next to fault names indicate the preferred long-term slip rate of the fault, and white circles represent locations where the slip rate was determined. Slip rates are from this study, Lee et al. [2001b] , Oswald and Wesnousky [2002] , and Schweickert and Lahren [1997] . desert pavement. The tops of clasts are heavily varnished whereas the undersides are highly rubified (Figure 3 ). At Red Wall and Big Dip canyons the alluvial fans are composed of poorly sorted massive carbonate and quartzite breccias and conglomerates that are characteristic of debris flows [Bull, 1972] .
[14] A mature soil, as much as 50-cm-thick, is developed below the Q2c surface (Figure 4 ). The soil is characterized by a 10-to 20-cm-thick Av horizon with clay film accumulation in its lower half; a middle Bt horizon with carbonate and salt development; and a lower Bk horizon with moderate carbonate accumulation (stage III) [Birkeland, 1999; Klinger, 2001] . On the basis of these characteristics, Klinger [2001] estimated that Q2c was deposited between 35 ka and 60 ka.
[15] Owing to its low relief, high degree of varnish, and well-developed soil, the Q2c surface stands out in marked contrast to its surrounding deposits, making it a perfect candidate for fault displacement reconstructions [Frankel and Dolan, 2007] . The Q2c surface has been incised and isolated by younger alluvial channels. Thus restoring slip by realigning channels incised through the Q2c surface provides a minimum slip rate over a late Pleistocene timescale.
[16] While we cannot address the potential for spatial variations in slip rates in this region from this site alone, the Red Wall Canyon alluvial fan provides the single best location for a long-term slip rate study on the NDVFZ. The Red Wall Canyon fan preserves multiple well-defined piercing points, excellent fault zone exposure along a single trace, and is characterized by the most stable geomorphic surface in the region, making it the most amenable site for cosmogenic nuclide geochronology ( Figure 5 ). Furthermore, the offsets at Red Wall Canyon are at similar latitude to slip rate locations on the Owens Valley, Hunter Mountain, and Stateline faults (Figure 2 ), which allows us to calculate a robust long-term slip rate budget across the region.
Airborne Laser Swath Mapping and Fault Offset
Airborne Laser Swath Mapping Data Collection
[17] An important component of our study is the acquisition of airborne laser swath mapping (ALSM; also known as Table 1 for individual channel offset measurements.
B06407 FRANKEL ET AL.: DEATH VALLEY FAULT ZONE SLIP RATE lidar) digital topographic data along the NDVFZ ( Figure 5 ). The data were collected from an Optech Inc. Model ALTM 1233 laser mapping system. The laser was flown over the field area at an elevation of 600 m above ground level at an average speed of 60 m s À1 using a Cessna 337 twin engine aircraft. The aircraft was equipped with a dual-frequency geodetic quality GPS receiver and a real time display of the flight path and data coverage. The laser source produced 33,000 laser pulses per second and recorded the first and last returns of each pulse, as well as the relative intensity of each return. Processing of these data using SURFER (Golden Software) Version 8.04 with a kriging algorithm allowed the construction of a highly precise digital elevation model with 5 to 10 cm vertical accuracy and one-meter horizontal resolution [Carter et al., 2001 [Carter et al., , 2003 Sartori, 2005] .
Red Wall Canyon Alluvial Fan Offset
[18] The ALSM data collected from our field area clearly show seven dextrally offset alluvial channels on the Red Wall Canyon alluvial fan ( Figures 5 and 6a ). The highresolution digital elevation data allow us to precisely reconstruct the offset alluvial fan to its prefaulting position ( Figure 6 ). The ALSM data were processed in ArcInfo to produce hill-shaded relief maps and slope maps to aid in the identification, mapping, and reconstruction of offset landforms.
[19] Channel offsets were measured directly from the DEM in ArcInfo using the thalweg of each channel as a piercing point. Thalwegs were defined by constructing a channel network from the DEM where the deepest part of the channel is determined by routing the flow direction from each cell in the channel to its steepest downslope neighbor [e.g., Tarboton et al., 1991] . This allows for the objective delineation of thalwegs, and thus piercing points, from which we were able to restore slip on the fault. The total amount of along-strike offset for the channel thalwegs ranges from 286 to 307 m ( Table 1 ). The mean offset of the channels incised into the Q2c surface at the Red Wall Canyon alluvial fan is 297 ± 9 m. We use the mean and standard deviation of all measured offsets as the total postPleistocene fault displacement and error, respectively. This is a revision of the 250 to 330 m of displacement estimated by Klinger [2001] using low Sun angle 1:12,000-scale aerial photographs.
[20] As a test of the offset measurements determined from the thalwegs, offsets were also measured based on the northwest and southeast channel walls. This was accomplished by deriving a slope map from the high-resolution DEM so that channel walls were more readily defined and easier to match with one another. Although somewhat more subjective than the thalweg method described above, the results are nearly identical. Restoration of the northwest channel walls produced an offset of 296 ± 11 m, while the southeast margins are offset 294 ± 9 m ( Table 1) . Because of the more objective nature of the thalweg offsets, we use that as our preferred late Pleistocene displacement.
[21] No offset measurements were determined for the Big Dip Canyon alluvial fan. This fan does not have a correlative deposit preserved on the northeast side of the fault, and therefore slip cannot be restored to determine fault displacement at this location ( Figure 5 ).
Terrestrial Cosmogenic Nuclide Geochronology
[22] The accumulation of terrestrial cosmogenic nuclides, produced by the interaction of cosmic rays with minerals at the Earth's surface, allows the age and history of geomorphic surfaces and deposits to be quantified [Lal, 1991; Gosse and Phillips, 2001] . Cosmogenic nuclides are particularly advantageous over techniques such as radiocarbon in regions that either lack datable organic matter, or where the anticipated age of such surfaces and deposits is greater than $40 ka.
[23] For materials that contain no terrestrial cosmogenic nuclides at the time of formation (e.g., lava flows), the nuclide inventory is a function of only the time of exposure and erosion rate (please see the auxiliary material). In that case, the exposure age can generally be calculated based on a very limited number of samples. However, for samples from alluvial fans where inheritance is typically large, too many unknowns exist to uniquely solve the production equation. This problem can be overcome by collecting subsurface samples in a depth profile [Anderson et al., 1996; Repka et al., 1997; Hancock et al., 1999] . Collecting samples at multiple depths allows the inherited component of the total cosmogenic-nuclide inventory to be separated from the in situ component [Anderson et al., 1996; Hancock et al., 1999; Gosse and Phillips, 2001] .
Beryllium 10 Surface Samples
[24] Beryllium 10 is produced through spallation and muon-induced reactions with Si and O. Typically, quartz is used as the target mineral for 10 Be because of its stoichiometric simplicity, quantitative retention of 10 Be, and resistance to chemical weathering [Gosse and Phillips, 2001] . Sixteen surface samples from quartzite boulders and large cobbles were collected for the analysis of in situ cosmogenic 10 Be (Figures 3, 5 , and 6). Ten samples were collected from stable surfaces close to the fault across the midsection of the Red Wall Canyon fan ( Figure 6 ). Samples from Big Dip Canyon were collected in close proximity to each other from the most stable and least incised part of the fan surface near the location of the 36 Cl depth profile ( Figure 5 ). The samples were resting on a Av soil horizon, were coated with a dark desert varnish on the top, showed rubification on the underside, and lacked carbonate collars or varnish alteration above the soil/clast interface. All of these features are characteristic of clasts that have resided at the Be extraction. The 5-cmthick slabs were then crushed and sieved to separate the 250 to 500 mm grain size fraction. Pure quartz was then isolated by techniques outlined by Kohl and Nishiizumi [1992] and Be was extracted from the quartz by anion and cation exchange chromatography. Samples were then analyzed for 10 Be concentrations by accelerator mass spectrometry (AMS) at Lawrence Livermore National Laboratory. The 16 surface samples ranged in age from 37 ± 6 ka to 219 ± 4 ka; 12 of the 16 samples cluster between $50 and 90 ka (Table 2) . Sample ages were calculated using production rates of 10 Be based on the work by Stone [2000] . Carrier composition, counting statistics, and the blank are all potential sources of uncertainty in the measured 10 Be concentrations. A 3% error in the decay constant of 10 Be and 6% error in the production rates are propagated with the analytical uncertainties to produce errors on the 10 Be model age [Stone, 2000] .
Chlorine 36 Depth Profile Samples
[25] Previous cosmogenic depth profile geochronologic studies show that locally sourced alluvial fan deposits in Death Valley typically contain a large inherited component in measured cosmogenic nuclide inventories [Machette et al., 1999] . For this reason, three 36 Cl depth profiles were collected (1) to help determine the inherited signal in the Q2c surface and therefore better define the age of deformed landforms along the NDVFZ, and (2) as a direct comparison of two independent cosmogenic nuclide geochronologic techniques.
[26] Cosmogenic 36 Cl is principally produced in carbonate rocks and calcic soils by four reactions: high-energy spallation of K and Ca, epithermal neutron absorption by Cl, and thermal neutron absorption by Cl [Gosse and Phillips, 2001] . Chlorine 36 is also produced by muoninduced reactions, but the production rate in the top 2 m of alluvium is much less than for the reactions listed above [Gosse and Phillips, 2001] . The production rate at any depth below the surface by the first two reactions depends on the concentrations of the target elements and the highenergy cosmic ray flux at that depth. The high-energy cosmic ray flux decreases exponentially with the cumulative mass traversed by the cosmic rays. Thus production by these reactions can be calculated based on measurement of the bulk densities in the soil column at each sample depth and the concentrations of K and Ca in the sample material (please see auxiliary material Tables S1 and S2).
[27] Production by low-energy neutron absorption depends on the low-energy (thermal and epithermal) neutron fluxes and the Cl concentration (Table 3) . However, low-energy neutrons are produced by gradual deceleration of the high-energy flux and they can diffuse significant distances while in the epithermal-thermal energy range. The characteristics of the low-energy flux thus depend on bulk properties of the medium .
[28] A total of 16 carbonate-rich samples from three depth profiles were collected from natural exposures in alluvial channel walls incised into Q2c deposits at the Red Wall Canyon and Big Dip Canyon alluvial fans (Figure 4) . Two depth profiles were collected from the Red Wall Canyon alluvial fan and one depth profile was collected from the correlative alluvial fan surface at Big Dip Canyon (Figures 5  and 6 ). The soil profile at Big Dip Canyon is consistent with the soils described on the Q2c surface at Red Wall Canyon by Klinger [2002] . We excavated into the channel walls at least one meter to reduce possible lateral cosmic ray penetration (Figure 4 ). Approximately 150 clasts from the 5-to 15-mm-thick grain size fraction were collected from the alluvium in 10 to 15 cm thick sections distributed through the upper $2 m of the alluvium, but below the Av horizon [Phillips et al., 2003] . Sampling intervals increased with depth below the surface; samples were more closely spaced in the upper one meter of the profile, where a higher concentration of the cosmogenic 36 Cl resides. The clasts were ground to fine sand size and carefully mixed to ensure a homogeneous sample.
[29] Aliquots of the sample were sent to the New Mexico Bureau of Mines and Mineral Resources X-ray fluorescence laboratory for analysis of major elements and U and Th, and to the XRAL Laboratory in Ontario, Canada, for gamma emission spectrometry analysis of B and Gd (see auxiliary material Table S1 ). Masses of the remaining sample material, ranging from 80 to 125 g, were dissolved to extract Cl using standard procedures [e.g., Zreda, 1994] Cl carrier (Table 3 ; please see description of CHLOE in auxiliary materials) [Phillips and Plummer, 1996] .
[30] The soil age was determined by obtaining a best fit between a calculated 36 Cl inventory (as a function of depth) and the measured 36 Cl profile. The best fit match was identified by minimization of the sum of the c 2 values, computed from the differences between the calculated and measured values at each depth, for all of the samples in the profile. Uncertainties in the ages were also calculated from the c 2 variation. The theoretical 36 Cl inventories with depth were calculated using CHLOE (see auxiliary material) [Phillips and Plummer, 1996] . Production parameters given by Phillips et al. [2001] and Stone et al. [1998] are used in the model. Use of alternative production parameters by Stone et al. [1996a Stone et al. [ , 1996b would give ages that are younger by 18%. Using inferred soil histories based on soil descriptions [Klinger, 2002; Machette et al., submitted manuscript, 2007] and the observed thickness of Av horizons, we estimated the amount of surface erosion or aggradation at each sampling site and used the cosmogenic 36 Cl concentrations in each depth profile to calculate maximum, minimum, and preferred surface erosion rates in mm ka
À1
. The preferred erosion/aggradation rates range from 0 mm ka À1 (stable) to À0.7 mm ka À1 (7 cm of aggradation in 100 ka; Table 4 ).
[31] In Table 4 we report the best estimate depth profile ages with uncertainty bounds, best estimate erosion rate associated with that age, the reduced sum of c 2 (cn 2 ), the range of aggradation/erosion rates employed in the analysis, the inheritance age (note that this reflects inheritance at the time of sampling, not deposition), and the calculated erosion rate in the source area. The two depth profiles from the Red Wall Canyon fan, DV-14 and DV-15, yielded ages of 65 +16/À10 ka and 55 +13/À16 ka, respectively. A single depth profile from the Big Dip Canyon fan produced an age of 75 +18/À16 ka. Two of the three profiles (DV-14 and DV-15) yield cn 2 values significantly less than one. These fits indicate that the CHLOE modeling approach is performing well in describing the cosmogenic nuclide accumulation processes and support the likelihood of a conservative bias in the uncertainty analysis. The third profile (NRWF) has a cn 2 of 3.97, largely due to the anomalous sample at 1.25 m depth.
[32] In addition, we determined source area erosion rates (i.e., the erosion rate in the mountain range from which the debris flows were derived) using the estimated inheritance of each profile. This assumes that the sediment in the profiles was derived directly from bedrock erosion in the source area catchment, without long-term storage in the drainage that could result in additional cosmogenic nuclide production during transit. The erosion rate was calculated using a weighted mean elevation/latitude scaling factor (S el ) derived by obtaining the hypsometry of the drainage basin upstream of the apex of the Red Wall Canyon alluvial fan from a 30-m-resolution DEM in ArcInfo and weighting the S el in each elevation class by its relative area. CHLOE was then used to calculate the steady state erosion rate that would produce the observed inherited 36 Cl inventory for each profile. The calculated late Quaternary source area catchment-wide erosion rates range from 46 ± 9 mm ka À1 to 83 ± 10 mm ka À1 and are somewhat slower than Holocene erosion rates estimated along the Black Mountains normal fault in central Death Valley (Table 4) [Frankel et al., 2004; Jayko, 2005] .
6. Discussion 6.1. Terrestrial Cosmogenic Nuclide Geochronology 6.1.1. Beryllium 10
[33] Surface exposure dates for the Q2c surface obtained from 10 Be concentrations in quartzite clasts on two alluvial fans along the NDVFZ yield ages with a range of $183 ka, from $37 to 219 ka (Table 2 ). This relatively large variance is not surprising given that Machette et al. [1999 Machette et al. [ , also submitted manuscript, 2007 report large inherited components of cosmogenic isotopes in other Death Valley alluvial fans. Nevertheless, this apparently disparate data set can be reconciled by plotting a probability density function of the distribution of ages (Figure 7) . On the basis of visual inspection alone, one can pick out four peaks in the distribution shown by Figure 7c . The pronounced peak centered on $70 ka is the most obvious and comprises 13 samples, 80% of those dated. Of the three outlying peaks, two are significantly older and one is somewhat younger.
[34] To the right of the main peak, two outliers exist, representing samples KF-031605-1 and KF-031605-3. It is clear that these outlying samples have anomalously high concentrations of 10 Be. The elevated 10 Be concentrations likely result from an inherited cosmogenic signal possibly due to protracted exposure on hillslopes prior to being eroded or during transport. We feel these samples should therefore not be considered to reflect the age of this fan deposit. Similarly, to the left of the large peak an anomalously young sample is observed in Figure 7 . There are several likely scenarios to explain the young age of this sample including the possibilities that the boulder may have been dislodged, broken, or rotated in such a way that different clast surface geometries were exposed to cosmic rays with the varnish, rubification and Av horizon subsequently reestablished. Alternatively, the boulder may have been exhumed from beneath the surface by human or animal activity after the landform stabilized. Regardless, we feel this sample is not representative of the surface age, and therefore dismiss it.
[35] The highest peak in the probability density function in Figure 7c is used to represent the 10 Be age of the offset Q2c surface. The large cluster of ages centered on this peak suggests little or no inheritance in these samples. On the basis of 10 Be concentrations, the width of the distributions on either side of the highest probability not including the obvious outliers (i.e., $50 ka and 92 ka), is considered to set a conservative bound on the uncertainty associated with the age of the surface (Figure 7) . This corresponds to a 10 Be model age of 70 +22/À20 ka. This age is consistent with the 35 to 60 ka range estimated by Klinger [2001] on the basis of soil development and alluvial fan morphology and the 180 to 120 ka ages of the stratigraphically older Lake Manly deposits [Ku et al., 1998 ].
Chlorine 36
[36] The
36
Cl age calculated from depth profiles beneath the offset Q2c surface are commensurate with the age determined by the cosmogenic 10 Be geochronology. The two depth profiles from the Red Wall Canyon alluvial fan (DV-14 and DV-15) yield ages of 65 +16/À10 ka and 55 +13/À16 ka (Figures 8a and 8b) . Chlorine 36 inheritance of 59 ± 8 ka and 63 ± 8 ka were removed from each profile, respectively in calculating the surface ages. The depth profile collected from Big Dip Canyon produced an age of 75 +18/À16 ka (Figure 8c ). Approximately 55 ka of 36 Cl inheritance was removed from this depth profile.
[37] The 36 Cl model age for Q2c was determined by calculating a weighted mean of the three depth profiles. The uncertainty of the weighted mean age was taken to be the square root of the geometric mean of the squared standard deviation of uncertainties in each sample [Bevington and Robinson, 2003] . This allows us to account for a reduction in the uncertainty due to combining three sets of data. The resulting weighted mean 36 Cl model age of the three depth profiles on Q2c surface is 63 ± 8 ka. A weighted mean calculated using only the two Red Wall Canyon depth profiles (DV-14 and DV-15) produces a younger, but not significantly different, age of 60 ± 10 ka. Cl samples are not well understood, we propose that a likely explanation for this disparity may reside in the greater than order of magnitude difference in sampled clast size [e.g., Brown et al., 1998; Matmon et al., 2003; Belmont et al., 2006] .
[39] For example, it is easy to imagine a scenario for the large cobbles and boulders where the time between hillslope exposure (if, in fact, the samples were exposed on the hillslope at all), erosion, transport, and deposition is short. In arid regions, like Death Valley, weathering-resistant lithologies produce steep slopes and large clasts in the source area [Harvey, 1997] . Both clasts that are exposed at the surface and those that have remained completely shielded would be transported from source to depocenter in rapid, single events. In this case, clasts would be removed from hillslopes by advective (landsliding and nonlinear creep) processes and transported by debris flows where the large clasts would remain intact and do not have time to undergo chemical or mechanical weathering before, or during, deposition.
[40] Conversely, clasts collected from the subsurface in the depth profiles are of considerably smaller grain size. These samples were likely exposed for long periods of time on hillslopes, as the relatively slow catchment-wide erosion rates suggest, where they would be exposed to increased chemical and mechanical weathering, resulting in grain by grain dissociation and slow, diffusive transport from hillslope to channel. Once in the channel network, these grains would be subject to the characteristic episodic precipitation of arid regions, which tends to generate steep rising limb hydrographs with short lag times that result in high suspended load transport and reworking of sands and gravels from alluvial fan channels [Bull, 1991; Reid and Frostick, 1997] . The hypothesis that the fine-grained component of alluvial fan deposits contains large amounts of inherited cosmogenic nuclides is supported by 36 Cl measurements on modern alluvial channel sands from four canyons on the west side of Death Valley by Machette et al. (submitted manuscript, 2007) . These modern sand fraction samples contain 36 Cl inheritance equivalent to 38 to 83 ka worth of exposure.
[41] Although Clapp et al. [2000 Clapp et al. [ , 2002 have previously suggested that no relationship exists between grain size and cosmogenic nuclide concentrations in arid environments, they did not take into account the wide range of grain sizes presented here. The significant differences in cosmogenic nuclide inventories between the two grain sizes analyzed in this study clearly reflect the underlying form and process of the arid region alluvial fan erosion-deposition system. Additional work on this subject is obviously warranted and will, in all likelihood, improve our understanding of denudation processes and interpretation of cosmogenic nuclide geochronologic data [e.g., Belmont et al., 2006] .
Fault Slip Rates
[42] The 10 Be and 36
Cl ages for the Q2c surface are, in effect, maximum ages for calculating slip rates because the channels used as piercing points must have developed after abandonment of the surface. Therefore the ages provide a minimum slip rate estimate. The 10 Be ages are used as the maximum limiting age of the offset Q2c surface because these data are likely to have only a small amount of inheritance. The measured 297 ± 9 m offset of this surface over a 70 +22/À20 ka time period yields a slip rate of 4.2 +1.9/À1.1 mm yr
À1
. These data therefore provide a minimum slip rate for the NDVFZ. The age of the Q2c surface based on the weighted mean age of three 36 Cl depth profiles is taken to be a minimum bound on the age of the offset Q2c surface because we have been able to remove the inherited component from these samples. Using a minimum age of 63 ± 8 ka, the slip rate based on the cosmogenic 36 Cl geochronology is 4.7 +0.9/À0.6 mm yr
, which is in agreement with the slip rate derived from the 10 Be geochronology. The average of the two rates is 4.5 mm yr
. Using the bounding error limits for both rate calculations yields a geologic slip rate of 3.1 to 6.1 mm yr À1 (4.5 +1.6/À1.4 mm yr
) for the NDVFZ at the Red Wall Canyon site.
[43] Because our slip rate is based on a single site along the NDVFZ we cannot address the potential for along-strike variations in slip rates in this region. However, we note that a number of previous studies indicate slip distributions are commonly asymmetric, with the largest displacements often occurring near one end of the fault [e.g., Wesnousky, 1988; Ellis and Dunlap, 1988; Peacock and Sanderson, 1991; Cartwright and Mansfield, 1998; Maerten et al., 1999; Manighetti et al., 2001 Manighetti et al., , 2005 , and thus our study site is not necessarily located at the point of greatest cumulative displacement on the NDVFZ. Indeed, the long-term rate may increase to the north as slip is transferred from the Tin Mountain and Deep Springs faults onto the northern Death Valley and Fish Lake Valley fault zones (Figure 2) [e.g., Dixon et al., 1995; Reheis and Dixon, 1996] .
[44] Nevertheless, the slip rates derived from cosmogenic nuclide geochronology at Red Wall Canyon are consistent with the 3 to 9 mm yr À1 slip rate estimate of Klinger [2001] and with recent geodetic estimates of elastic strain accumulation on the Death Valley fault system Gan et We also note that the midrange of our estimate of 4.5 mm yr À1 is <50% higher than the geodetic rate of 2.8 mm yr
suggested by McClusky et al. [2001] and Wernicke et al. [2004] . Our data, when combined with published rates on the other three major right-lateral faults (Owens Valley, Hunter Mountain, and Stateline) at the same latitude in this part of the ECSZ provides the first synoptic view of the cumulative slip rate across the ECSZ, north of the Garlock fault (Table 5 and Figure 2 ).
[45] Oswald and Wesnousky [2002] report a right-lateral slip rate along the HMFZ of 3.3 to 4 mm yr À1 on the basis of 50 to 60 m of offset across a $15 ka surface. On the basis of low-temperature thermochronologic data, Lee and Stockli [2006] suggest a similar rate for the HMFZ since the Pliocene. We use 3.3 mm yr À1 for the HMFZ in this study because it provides us with a minimum slip rate for this fault. The OVFZ, site of the most recent major earthquake in the northern half of the eastern California shear zone (M w $7.6 in 1872), has a range of Holocene slip rates from 0.7 to 3.8 mm yr À1 Beanland and Clark, 1994; Lee et al., 2001b] . For this study, we use the 1.2 mm yr À1 slip rate for the OVFZ determined by Lee et al. [2001b] based on offset early Holocene channels dated by optically stimulated luminescence geochronology. This rate is close to the mean of the other rates reported for the OVFZ and is the only rate reported for the OVFZ where a geochronologically determined age of the offset landform is known. We take the 1 mm yr À1 to be the best estimate for the geologic slip rate on the SLFZ [Schweickert and Lahren, 1997; Wernicke et al., 2004; Guest et al., 2005] . While Guest et al. [2005] report a post-mid-Miocene slip rate of $2 mm yr À1 for the SLFZ, the subtle geomorphic expression of the fault in alluvial deposits suggests the late Pleistocene to Holocene rate is somewhat lower.
[46] Summing the slip rates from the Owens Valley, Hunter Mountain, and Stateline fault zones with the slip rate determined for the NDVFZ in this study yields a total long-term geologic slip rate of 8.1 to 15.9 mm yr À1 across the northern ECSZ (Table 5 and Figure 2 ). Using 1.2, 3.3, 4.5, and 1 mm yr À1 as the preferred slip rates for the OVFZ, HMFZ, NDVFZ, and SLFZ, respectively, the total geologic slip rate across the northern ECSZ at latitude $37°N is 8.5 to 10 mm yr À1 (Table 5) . Recent geodetic measurements suggest 9.3 ± 0.2 mm yr À1 of dextral shear across this region , which is indistinguishable from our best estimate of the geologic slip rate (Table 5) .
However, if we take our preferred geologic slip rate estimates for the OVFZ, HMFZ, and NDVFZ a strong skewing of the strain rate toward the east is predicted. This pattern is not observed in the geodetic data and may be the result of a secular slowing or transfer of strain from east to west across the region [e.g., Wernicke et al., 2005] . Alternatively, the effects of postseismic processes, such as those resulting from the 1872 Owens Valley earthquake, could play a role in the observed pattern of elastic strain accumulation [Pollitz and Sacks, 1992; Dixon et al., 2003] [47] The cosmogenic nuclide geochronology and ALSM data presented here are fundamental for estimating a longterm geologic fault slip rate on the NDVFZ, an important piece to the slip rate ''puzzle'' in the northern ECSZ. A more quantitative estimate on the dextral motion of the HMFZ, in addition to the down-to-the-northwest extensional faults linking the strike-slip systems, would produce even tighter bounds on the long-term distribution of strain in this region. Even so, strain release in the northern ECSZ averaged over at least 50,000 to 100,000 years is consistent with the overall rate of strain accumulation as measured by short-term (5 to 10 years) geodetic data. However, the fact that the geologic estimates partition most of the strain ($85%) on to the HMFZ and NDVFZ does not agree with the relatively constant strain rate of 60 nstrain yr À1 measured across the entire ECSZ , indicating that seismic cycle or other effects are at work. Although outside the scope of this study, questions still remain as to the spatial and temporal constancy of strain accumulation and release along major strike-slip fault systems, such as the NDVFZ, and future work in the region should focus on this.
Implications for Eastern California Shear Zone Kinematics
[48] Strain accumulation and release appear to be relatively constant over a wide range of timescales on at least parts of the few major faults where sufficiently detailed geologic rate data are available, such as the central San Andreas fault [Sieh and Jahns, 1984; Argus and Gordon, 2001] . In contrast, rates of strain release during the past $1500 years on other parts of the San Andreas system vary by a factor of 4 due to the accumulation of strain over multiple seismic cycles [Weldon et al., 2004] . Similarly, recent comparisons of geodetic and geologic rate data ) are almost twice as fast as the longer-term geologic rates (on the order of $5 to 7 mm yr À1 ) [Dixon et al., 2000; Rockwell et al., 2000; McClusky et al., 2001; Peltzer et al., 2001; Oskin and Iriondo, 2004; Oskin et al., 2006 Oskin et al., , 2007 .
[49] North of the Garlock fault, along the eastern margin of the ECSZ, continuous geodetic data from the Yucca Mountain area, Nevada, $50 km NE of the NDVFZ, suggests that $1 mm yr À1 of right-lateral shear across the area is not accommodated by any recognizable Quaternary structure . In the north central Basin and Range, some geodetic velocities across normal faults with late Holocene earthquakes indicate horizontal shortening, not extension [Wernicke et al., 2000; Friedrich et al., 2004] . These studies serve to highlight the phenomenon of transient strain accumulation.
[50] The preferred sum of the geologic slip rates on the Owens Valley, Hunter Mountain, Stateline and northern Death Valley fault zones at latitude $37°N is 8.5 to 10 mm yr À1 (Table 4) . Geodetic data indicate a similar amount of dextral shear across this region of 9.3 ± 0.2 mm yr À1 over a $5 year period (Table 5 ) ]. We note that our results indicate faster, long-term rates on the eastern faults in the study area. Previous geodetic studies report conflicting results when slip rates are modeled for individual faults in the northern ECSZ Dixon et al., 2003] . Gan et al. [2000] suggest much faster rates on the westernmost fault in the system, the Owens Valley fault zone, which appears to have a much slower long-term rate . Alternatively, Dixon et al. [2003] suggest the northern Death Valley fault zone accommodates the majority of slip in the region using a rate that is also much faster than the long-term geologic rate. The basic geodetic rate of 9.3 mm yr À1 across the entire ECSZ by Bennett et al. [2003] is robust; however, the details of individual faults are highly dependent on the model used to evaluate the geodetic data. Regardless, our results suggest that the transient strain accumulation proposed for the Mojave section of the ECSZ does not extend north of the Garlock fault.
[51] In the northern half of the eastern California shear zone, north of the Garlock fault and away from the zone of structural complexity in the Pacific -North America plate boundary, the far-field effect of the Big Bend of the San Andreas fault on strain accumulation and release is dampened. As a result, strain is more simply accommodated by translation of the rigid Sierra Nevada block to the north with respect to the western Basin and Range province and stable North America [Argus and Gordon, 2001; Bennett et al., 2003] . Thus the dextral component of plate boundary deformation in this region is partitioned among the Owens Valley, Hunter Mountain, northern Death Valley, and Stateline fault zones, which together accommodate $20% of total Pacific -North America plate motion.
Conclusions
[52] Comparison of longer-term geologic rate data with short-term geodetic data illustrates that the average rate of strain storage and release over the past $70 ka is, within error, the same as the 5-year rate of elastic strain accumulation in the northern half of the ECSZ. The agreement between the short-and long-term rates suggests that the transient strain accumulation observed in the Mojave Desert is not present north of the Garlock fault. Although our interpretation depends on the choice of individual geologic fault slip rates, given the limited data currently available this study provides the first synthesis of slip rates in the northern ECSZ. Clearly more long-term slip rate studies are needed to test our suppositions.
[53] Fault slip rates determined from 10 Be and 36 Cl cosmogenic geochronology on offset alluvial fans on the NDVFZ zone agree between the two independent cosmogenic geochronometers, yielding independent rates of 4.2 +1.9/À1.1 to 4.7 +0.9/À0.6 mm yr À1 , respectively. A summation of slip rates on the Owens Valley, Hunter Mountain, northern Death Valley, and Stateline fault zones at latitude $37°N implies that the long-term geologic slip rates across this region are similar to short-term geodetic rates over the northern ECSZ, both of which are $9 mm yr À1 . However, the concentration of slip in the eastern portion of the shear zone on geological timescales is not consistent with the relatively constant strain rates measured from the eastern Sierra Nevada to central Nevada. These data suggest that the current strain transient observed in the Mojave section of the ECSZ [Oskin and Iriondo, 2004] may be a localized feature, likely tied to the zone of structural complexity associated with the Big Bend of the San Andreas fault [e.g., Bartley et al., 1990; Nur et al., 1993; Du and Aydin, 1996; Li and Liu, 2006; Dolan et al., 2007] , and may not be characteristic of the Pacific -North America plate boundary as a whole.
